Abstract Twin climate cities are pairs of cities for which it is appropriate to assume that the future climate of a city BA^will be significantly similar to the current climate of another city BB^. In this paper, we explore the potential use of the climate twins approach for the development of adaptation strategies to climate change in urban areas. We propose an innovative and robust climate-matching method that is suitable to link cities' current and future climates. Of the 100 cities investigated, 70 have at least one twin climate region, and 39 have a twin climate city. The case-study revealed a highly significant similarity for temperature variables and heat-related indices, but a less significant similarity for precipitation variables. The Climate Twins approach appears to be a potentially effective mechanism for raising awareness about the pace of climate change and for easily identifying (1) future impacts and vulnerabilities associated with climate change as well as (2) policies, infrastructure, and best practices that should be implemented in a city in order to cope efficiently with future extreme temperature events.
Introduction
Climate change will be a significant threat to economic stability and quality of life and will jeopardize public health in cities (Carter 2011) . Urban areas concentrate wealth, people, productivity, infrastructure, and material goods, but their complex organization and functional rigidity make them among the most vulnerable systems in a changing climate (Hoornweg et al. 2011) . However, cities are also at the heart of power and decision-making, and the centers of diverse kinds of innovation that might contribute to adapting to climate change and increasing resilience (UN-Habitat 2011) . Consequently, cities' responses to climate change will be of the utmost importance for the future evolution of modern societies (Elliott et al. 2000; Rosenzweig et al. 2010) .
Despite growing climatic threats and scientific consensus, a large number of citiesincluding many in developed countries-have not yet implemented a dedicated climate adaptation plan. Even though 73 % of 350 cities around the world self-reported in 2013 that Btheir local government's engagement with climate change focuses on both adaptation and mitigation^ (Aylett 2015) , a recent European study reported that 72 % of 200 main cities do not have a local adaptation plan yet (Reckien et al. 2014 ). This paucity of political involvement is often associated with a lack of understanding from both civil society (Ipsos 2014) and decision-makers ( Van der Linden et al. 2014) . Typical scientific statements such as Bsurface temperature […] is projected to increase between 2.5 and 4.0°C by 2071 -2100^(EEA 2012 are usually of limited meaning and inaccessible to most non-experts because these statements do not shed light on the broad range of negative impacts associated with climate change (Lu 2008) . Therefore, there is a significant need to develop innovative methods of providing intuitively comprehensible climate information which is presented in line with the stakeholders' needs (Charron 2014) .
The Climate Twins approach (Ungar et al. 2011) , also referred to as the climate analogs approach, may assist in meeting this need. This method aims to link the future, or past, climate of a given location with the current climate of another one. Until now, it has mainly been used for three different purposes. Firstly, the most popular use has been for awareness-raising purposes (Beniston 2014) , because it can provide a simple and clear illustration of the amplitude and celerity of climate change. For instance, it can show Bhow Illinois' summer climate could feel like Southern Texas by the end of the century^(Climate Communication 2014). Secondly, Climate Twins have been used in ecological research, particularly to investigate the shift of ecocommunities and eco-regions as well as the appearance of novel climate and ecological communities in a climate change context (Saxon et al. 2005; Peacock and Worner 2006; Williams and Jackson 2007; Jylhä et al. 2010) . Thirdly, Climate Twins have been used in agricultural studies to determine climate change impacts on agriculture and their associated adaptation options, based on the analog site (Webb et al. 2013) . To date, the most comprehensive application of climate twins for agriculture is led by the Research Program on Climate Change, Agriculture and Food Security-CCAFS (Ramirez-Villegas et al. 2011) in Africa and South-America. This research program aims to find tomorrow's climate adaptation solutions today, based on the assumption that one farmer's future is similar to a different farmer's present (CGIAR-CCAFS 2014) .
Until now, no large-scale investigation of Climate Twins has focused on cities, and the use of the Climate Twins approach for urban climate adaptation has hardly been explored. The most comprehensive research in this field, led by Hallegatte et al. (2007) , reviewed seventeen cities.
Building on the work of the previous studies, we develop a robust climate-matching method which enables a precise and reliable matching of cities' climates. Focusing on a large sample-100 cities-we apply this method and establish the first large-scale investigation of twin climate cities. Based on this case-study, we seek to provide insights into the possible use of climate twins in an urban context, both as an awareness-raising tool and as a decision support tool for identifying future vulnerabilities and developing adaptation strategies.
Climate-matching method and data
We apply the following methodology to match the future climate of a specific location -called the city of interest (COI)-with the current climate of another location-called the Climate Twin. First, we determine several climate variables and statistics that can describe urban climates. Climate can be considered as the statistical description in terms of the mean and variability of several variables, such as temperature, precipitation, humidity, pressure, wind, snow, etc. (IPCC 2001) . Although each of these variables plays an important role in the characterization of a climate, finding a Climate Twin for every variable would be highly improbable, because each climate is unique. Therefore, approximations have to be made through the selection of climate variables and statistics. Until now, most of the studies in relation to Climate Twins only use temperature and precipitation (Hallegatte et al. 2007; Kopf et al. 2008; Jylhä et al. 2010; Ramirez-Villegas et al. 2011; Ungar et al. 2011; Veloz et al. 2012a, b; Leibing et al. 2013; Beniston 2014) , because they are the most common variables used to describe climate (Holdridge 1947) . In addition to these two variables, our matching method uses snow accumulation because it is an important regulator of the surface temperature and with wind because it can significantly influence the apparent temperature in cities (i.e., perceived outdoor temperature, linked with air temperature, wind speed, and relative humidity).
Recent studies in relation to Climate Twins have used a relatively broad set of climate statistics derived from the climate variables previously mentioned. Usually, the climate statistics used to match climates are chosen depending on the final aim of the study. For instance, to investigate the potential shift of certain species, the climate statistics taken into account must play an important role in the distribution of species, e.g., seasonal variations of temperature and precipitation and seasonal extremes of temperature (Veloz et al. 2012b) . Since one of the objectives of this research is to explore the potential use of Climate Twins to inform and nourish climate adaptation strategies in urban areas, the climate statistics used to match climates must describe a city's climate as a whole. While other studies use less than five climate statistics, we use no less than eight climate statistics (Table 1) derived from the four climate variables mentioned previously.
Using the outputs of a chosen Regional Climate Model (RCM) run over two 30-year periods (current and future), we apply the following method to compute these climate statistics for each grid point of the RCM and for both time periods. Each grid point is then characterized by two sets of values representing its climate-in terms of statistics averaged over 30-year periods-for the current and the future period.
& For the monthly temperature standard deviation, let X y,m,d be the daily temperature value on year y, month m, and day d, and let X (stdv)m be the monthly temperature standard deviation over a 30-year period, for the month m. Then, for each month:
& For the other monthly climate statistics, let X y,m be the monthly mean value in year y and month m, and let X m be the monthly mean value averaged over a 30-year period for the month m. Then, for each month:
& For annual climate statistics, let X y,m be the monthly mean value in year y and month m, and let X be the annual mean value averaged over a 30-year period. Then,
Methods to link one climate to another mainly use two types of metrics: (1) similarity (or dissimilarity) indices, such as the standardized Euclidean distances (SED) (Williams and Jackson 2007; Veloz et al. 2012a) , which puts climate statistics on a common scale, or the CCAFS dissimilarity index (Ramirez-Villegas et al. 2011; Leibing et al. 2013 ) in which each climate statistic is weighted according to its relative importance; (2) a set of univariate criteria which are compared to pre-established thresholds (Hallegatte et al. 2007 ). The main difference between these two methods is that the use of (dis)similarity indices does not allow for an easy quality control (in terms of climatic proximity) of the climate twins, because the best twinrepresented by the highest value of the similarity index-may still be an unsatisfying twin. On the contrary, the use of a set of univariate criteria-coupled with thresholds for each climate statistic-allows control of the quality of Climate Twins. A recent study by Grenier et al. (2013) has assessed six different climate-matching metrics and has demonstrated that the resulting variations due to the use of different matching metrics are insignificant in comparison to the variations resulting from the choice of climate models, emissions scenarios, and climate statistics.
The climate-matching method proposed in this paper employs a set of univariate criteria coupled with Euclidean distances and thresholds. For each city of interest (COI) and each climate statistic, we computed the averaged Euclidean distances between the future climate of the COI and the current climate of all other grid points of the RCM, using the following equations.
Let AED (g) be the averaged Euclidean distance for the grid point g, let X (c,f)m be the value for the COI c in the future period f and in the month m; let X (g,r)m be the value for the grid point g in the reference period r and in the month m; and let Abs be the absolute value.
& For monthly climate statistics:
& For annual climate statistics:
We then compared the averaged Euclidean distances with specific thresholds. In order to establish the number and the quality of Climate Twins (in terms of climatic proximity) for different thresholds, we conducted numerous test computations with ten sets of thresholds and ten COI. Making a compromise between finding a reasonable number of Climate Twins and keeping a high climatic proximity between the two cities of a pair of Climate Twins led us to experimentally establish the thresholds presented in Table 1 .
We considered a grid point to be a climate twin (for a given COI) if its eight averaged Euclidean distances (one per climate statistic) fell below their respective thresholds. The twin grid point was considered as a twin climate city if and only if it was located within a radius of 50 km from a main city. Twin grid points which did not meet this criterion were simply considered as twin climate regions. We also computed the closest twin grid point-in terms of climatic conditions-to each city of interest. To do so, we used standardized Euclidean distances (SED) for each grid point, which can be defined as:
where AED (g)s is the averaged Euclidean distance for the grid point g and the climate statistic s, while X s and σ s are, respectively, the average and the standard-deviation of all the AED for the climate statistic s.
To illustrate a practical application of this method-which could be used worldwide over other high-resolution computational domains-we present a focus on European cities. These urban areas constitute an appropriate case-study firstly because they will have to cope with several climate impacts in the second half of the twenty-first century, and secondly because a large number of urban adaptation strategies and measures are currently being implemented in these cities, but with great disparities among them (Heidrich et al. 2016) . Moreover, reliable climate projections at high resolution over Europe are made available through several research projects.
To conduct this case-study, we use the outputs of several regional climate models (RCMs) simulations conducted within the framework of the PRUDENCE (prediction of regional scenarios and uncertainties for defining European climate change risks and effects) project (2004) . We mainly use outputs of simulations made with the high-resolution Hamburg regional climate model (HIRHAM RCM) from the Danish Meteorological Institute (Christensen et al. 1996) , at a resolution of 0.44°(roughly 50 km), under the A2 Intergovernmental Panel on Climate Change (IPCC) scenario for the reference period 1961-1990 and the projected period 2071-2100. The choice of these two 30-year periods is guided by the European Environment Agency reports (EEA 2012) and by data availability from the PRUDENCE project. Simulations made over the reference period have shown that HIRHAM RCM reproduces European contemporary climate conditions realistically (Beniston 2012) . To evaluate the uncertainty associated with the use of a single RCM, outputs of five other RCMs' simulations were also taken into account (the list is available as supplementary material).
Case-study on 100 large cities
To apply the method proposed in this paper, we conducted a case-study on 100 large cities (the full list is available as supplementary material) located across 37 European countries. These cities were chosen based on a combination of criteria including the size of their population, their administrative role, and their geographical coordinates. We generally considered cities with more than 200,000 inhabitants, except for those which have very important administrative roles (e.g., country or region's capital) or interesting geographical locations (e.g., northern cities such as Tromsø, Norway). Out of 100 cities, we found that 70 have at least one twin climate region, and 39 have a twin climate city (Table 2) . Interestingly enough, no reliable Climate Twin was found for 30 cities. This is presumably due to the fact that the potential climate twins are located outside of the RCM computational grid or simply because the future climate of these cities does not currently exist in Europe. For the 70 COI that have at least one climate twin, we found an average of 10.3 twins per COI, with a maximum of 53 climate twins in the case of Oslo (Norway), meaning that those 53 locations currently share similar climatic conditions to Oslo's future climate.
The European climate can be described approximately as wet and cold in the north and dry and warm in the south. In a climate change context, the annual mean temperature will increase all over Europe while precipitation patterns will vary depending on the regions and seasons, with no global trends at the European scale (EEA 2012). Because of the north-to-south temperature gradient, European climates are expected to shift southwards. Based on three north-to-south transects described by Beniston (2014) , we estimate the velocity of the southoriented shift of the climate at an average of 9.4 km year −1 , with a maximum of 17.3 km year −1
. The south-oriented shift of the climate is visualized for the 70 cities having at least one Climate Twin (Fig. 1) and on a country-scale for Germany (Fig. 2) . To better portray the climatic proximity between the future climate of a COI and the current climate of its twin climate city, we compared these two climates for the main statistics that have been taken into account in the matching method. We compared the following pairs of climate twins: Hamburg (Germany)/Toulouse (France); Amsterdam (Netherlands)/Nantes (France); Stockholm (Sweden)/Berlin (Germany); Berlin (Germany)/Saragossa (Spain), and Tallinn (Estonia)/Wroclaw (Poland). Results for the Hamburg (Germany)/Toulouse (France) pair (in which Hamburg's future climate will be significantly similar to Toulouse's current climate) are displayed in Figs. 3 and 4 , respectively, for the monthly mean temperature, the daily minimum temperature, and the monthly mean precipitation. We also focused on extreme temperature events and computed several heat-related indices, such as: (1) Warm Spell Duration Index (Peterson et al. 2001) , which is equal to 71.4, 60.5 and 16.9 days, respectively for Toulouse's current climate and Hamburg's future and current climate; (2) number of days when Humidex > 45 (meaning strong possibility of heat stroke), which is equal to 10.6, 11.6, and, 1.2 days, respectively for Toulouse's current climate and Hamburg's future and current climate; and (3) number of heat waves per year (Table 3) , a heat wave being a period of at least three consecutive days where the daily minimum and maximum temperature exceed thresholds (90th, 95th, and 99th percentile of Hamburg's current daily minimum/maximum temperature).
To assess the uncertainties, we tested this approach for six different RCMs and two IPCC scenarios (A2 and B2) over a dozen of cities of interest. Results showed that the overall location of climate twins was relatively similar, but the precise geographical location differed Fig. 1 Map displaying the current location of 70 COI (blue) for which a climate twin is found and the locations of these cities' future climate (red), represented by their best climate twin, using outputs from HIRHAM RCM run under IPCC scenario A2 greatly (i.e., different twin climate regions and twin climate cities) from one IPCC scenario to another and from one RCM to another. As an example, we display in Fig. 5 and as supplementary material the different locations of Hamburg's climate twins depending on, respectively, the IPCC scenarios and the RCMs that are used.
Using the climate twins approach as a communication and decision support tool
Based on the above results, we explored the applicability of the climate twins approach in an urban context and investigated how it could be used to inform global adaptation strategies. One of the main and most obvious uses of this approach is to raise awareness about the forthcoming impacts of climate change on cities. Climate change visualization is thought to be a key step in the process of awareness-raising (O'Neill and Nicholson-Cole 2009; Sheppard 2012) , which can itself be part of an efficient adaptation strategy at the local scale (UNEP 2006; Marshall et al. 2013) . Therefore, we propose an accessible and user-friendly tool which allows a rapid visualization of the current location of any European location's future climate, represented by its best Climate Twin. By visualizing the location of a city's future climate, the user may intuitively envision the main changes-in terms of climate-that the city will face in the twenty-first century. This tool (the link is available as supplementary material) has been developed in accordance with the principles behind the BClimate Twins Viewer^ (Loibl et al. 2010) , the BClimate Analogues Tool^ (Ramirez-Villegas et al. 2012) , the BClimate Analog Tracker^ (Koven and Godwin 2013) , and the recent BClimate Analogues Explorer^ (CSIRO 2015) . Focusing on the case-study, i.e., European cities, this tool allows the user to choose between two IPCC scenarios, ten RCMs, and several combinations of the eight climate statistics. This tool also provides three sets of thresholds that represent the degree of climatic similarity (through the use of a color code) between a city of interest and its Climate Twins. The tool is a prototype that has the potential to be enhanced. For instance, it can be expanded by adding other RCMs, new urban climate-related indices, and non-climatic criteria (e.g., city size or population size) as well as by implementing a system of information enrichment involving its users (Kaufmann et al. 2013) .
The second potential use of the Climate Twins approach is to serve as a decision-making support tool for climate change adaptation in cities. Until now, very little use has been made of Climate Twins to address issues of climate change adaptation in urban areas. Australian research led by Kellett et al. (2011) applied the Climate Twins approach to predict required changes in terms of climate policies, e.g., land use planning, heat management, drought management, and flooding control, through a comparative analysis of the climate policies between Australian cities and their respective twin climate cities. Hallegatte et al. (2007) showed Bhow this approach can help in assessing economic damage due to climate changet hrough the analysis of the twins Paris (France)/Cordoba (Spain), because the future climate of Paris will be similar to Cordoba's current climate. Nevertheless, the use of the Climate Twins approach as a potential mechanism for identifying future vulnerabilities and informing climate change adaptation strategies remains poorly explored. The analysis presented in section 3 shows that the climatic proximity between the COI's future climate and the current climate of its twin climate city is relatively high for temperature variables (Fig. 3) as well as for heat-related indices (Table 3 ), but rather low for precipitation variables (Fig. 4) . This is mainly due to the low thresholds that have been established for the latter variables. As a result of the highly significant proximity in terms of temperature variables and heat-related indices between two twin climate cities, the use of the Climate Twins approach appears to be particularly relevant in the field of adaptation to future extreme temperature events such as heat waves. These extreme climatic events are often associated with a wide range of negative impacts, principally on health, air pollution, and energy demand (Harlan and Ruddell 2011) . By using the climate twins approach, stakeholders may (1) immediately envision the potential impacts associated with increasing temperatures, (2) readily Table 3 Number of heat waves per year averaged over a 30-year period, depending on the temperature thresholds, for Hamburg's current (C) and future (F) climate and Toulouse's current climate, using outputs from HIRHAM RCM run under the IPCC scenario A2 Percentiles C. Hamburg identify the most vulnerable groups suffering from these impacts, and (3) easily identify adaptation measures and strategies. The latter could be achieved through transfer of knowledge and good practices from the twin climate city to the COI, both at political and infrastructural level. For instance, decision-makers may investigate the heat-related policies that are currently implemented in the twin city. Such policies could be early warning policies (e.g., warning systems and risk management plans), education policies that aim to inform the population on the behavior to adopt in case of warm spells, and protection policies that lead to the implementation of exceptional measures to provide vulnerable people with immediate and temporary protection (e.g., opening of air-conditioned public buildings and specific emergency services). By comparing heat-related policies implemented in the twin climate city and the existing ones in their respective city, decision-makers may easily determine which set of heatrelated policies they should implement in order to be as well adapted to heat waves as their twin climate city. Likewise, stakeholders from the COI could also examine the infrastructure features of the twin climate city that are directly or indirectly related to heat wave management. As an example, these infrastructure features could be associated with urban heat island reduction, such as green areas, rooftop gardens, green walls, and cool pavements. Again, by comparing heat-related infrastructure features of the twin climate city with those of their own city, stakeholders may readily identify the adaptation measures that are required to cope with future extreme temperature events. Hence, they may intuitively envision the infrastructure features that need be implemented in their own city. Decision-makers may also identify best practices that are currently implemented in the twin climate city to improve the response to heat waves (both at political and infrastructural level) and that could be adopted for future implementation in the COI.
Finally, another significant potential use of the Climate Twins approach lies in strengthening the collaboration of municipalities in transnational municipal networks focusing on climate change issues. Some European cities are currently collaborating in content-specific networks focusing on climate change, such as C40 Cities Climate Leadership Group, Climate Alliance, ICLEI, Local Governments for Sustainability, and Covenant of Mayors (Kern and Bulkeley 2009) . Reckien et al. (2015) showed that the exchange of information and scientific knowledge relating to climate change in such networks is an important driver for the implementation of efficient urban climate change policies. However, while these networks are particularly instrumental in sharing knowledge in relation to climate change mitigation, knowledge exchange on local climate change adaptation measures and strategies is still minimal (Fünfgeld 2015) . Moreover, such networks are often still Bnetworks of pioneers for pioneers ( Kern and Bulkeley 2009) . In this context, the Climate Twins approach, by its ease of use and its innovativeness, may enhance knowledge sharing in relation to urban adaptation measures and may motivate more cities to join in such networks.
While the potential uses of the Climate Twins approach described above are certainly helpful and valuable, certain limitations must be pointed out: (1) the Climate Twins are transient and time-dependent, i.e., the COI and its climate twin share a significantly similar climate only for a given time period; hence, the outputs resulting from the use of this approach (e.g., identification of climate impacts, vulnerabilities, adaptation measures) are only applicable for the given time period and do not take into account the dynamic nature of climate change; (2) the twin climate cities might be too different-in terms of wealth, density, urban landscape, and functioning-to be efficiently compared in a detailed way; (3) the differences-in terms of policy and infrastructure-between two twin climate cities might be more policy-driven than climatically driven ; and (4) the twin climate city might not be well-adapted to its current climate (Charron 2014) . In the case of the latter, what the COI can learn from the twin climate city might relate more to climate impacts and vulnerabilities than to good practices of urban climate adaptation. Furthermore, climate-related uncertainties must also be taken into account. Depending on the climate statistics, emissions scenarios, and RCMs that are used, the current location of a COI's future climate differs greatly. For instance, in the case of the pair of twins Hamburg/Toulouse (Fig. 5 and  supplementary material) , Toulouse is Hamburg's climate twin for only two RCMs out of six, and only under one emission scenario (A2). Using ensemble-based climate projections would significantly reduce this source of uncertainty.
Conclusions and outlook
This paper has described an innovative climate-matching method that (1) takes into account the specificities of urban climates and (2) is based on a significantly larger number of climate variables and statistics than previous studies. This results in a reliable matching of cities' climates and paves the way for several potential uses of this approach in the field of urban climate adaptation.
We have applied this method by leading the first large-scale investigation of climate twins, which has led to the matching of not less than 70 climate twins, including 39 twin climate cities. The European case-study has also provided an assessment of the climatic proximity between a city of interest and its climate twin, highlighting a more significant similarity for temperature variables and heat-related indices than for precipitation variables.
In addition to being scientifically sound, the outputs of this approach are very easy to understand, particularly for non-specialists. Therefore, this paper has shown that the Climate Twins approach may be used as a communication tool to raise the population's awareness about the pace and the expected impacts of climate change. Knowing that the future climate of a city will become similar to the current climate of another city located several thousands of kilometers southwards (in the case of Europe) enables a better understanding of the pace and forthcoming impacts of climate change. This falls within the process of visualizing climate change-through individual and collective imagination-which leads to engaging the public and building awareness (Sheppard 2012) . This paper has also outlined how and to what extent the Climate Twins approach can be used as a decision support tool in urban areas, particularly for heat wave adaptation. Despite certain limitations due mainly to uncertainties in climate projections, the use of such an approach appears to be a potentially effective mechanism to identify the future impacts and vulnerabilities associated with climate change as well as the policies, infrastructure features, and best practices that must be implemented in a city to cope efficiently with future extreme temperature events. The major added value of this approach lies in the fact that it provides ready-to-use and easy-to-understand climate information targeting urban stakeholders, which may help to address the lack of urban climate adaptation plans.
Furthermore, the potential use of the climate twins approach can inform broader adaptation strategies. By raising public awareness in relation to future climatic conditions and climate impacts, the Climate Twins approach is a very useful tool which can strengthen communication and education campaigns aiming to engage the public in adaptation and mitigation steps (Semenza et al. 2011) and to increase people's understanding of climate-related health risks (Akerlof et al. 2010 ). In addition, by enabling and enhancing knowledge exchange in relation to adaptation measures and best practices between different municipalities, the Climate Twins approach can efficiently nourish global adaptation strategies which aim to engage cities in significant cooperation and to establish transnational climate adaptation networks and platforms.
Drawing upon this work, further research could look into the use of Climate Twins in an urban context and could use city-scale investigations to develop a precise framework helping stakeholders to use the Climate Twins approach as an adaptation tool in urban areas. Another interesting improvement of this approach would be to develop a climate-matching method that focuses on specific climate impacts, e.g., a method that links cities sharing similar heat waves intensity and frequency (for different time periods). In this way, outputs of the comparative analysis between the twin climate cities would be likely to answer the stakeholders' needs for more sector-specific climate information (Dilling and Berggren 2015) . A city of interest could then be linked to several climate twins (one per main climate impact), e.g., heat wave climate twin, drought climate twin, and flood climate twin.
